The status of reliability assessment for unmanned satellites by Wolman, W. W.
TEE STATUS OF RELIABILITY ASSESSblENT 
FOR UNMAMNED SATELLITES* 
W i l l i a m  Wolman 
National Aeronautics & Space Administration 
Goddard Space F l igh t  Center ,. 
Greenbelt, Maryland ;q"11 
I 6' Summary 
R e l i a b i l i t y  Assessment techniques appl ied t o  Goddard's 
unmanned space s y s t e m s  now have been i n  effect f o r  about f i v e  
years and it is usefu l  t o  review the  methodology used, its ef fec-  
t i veness  and usefulness.  Such a review encompasses not  only the 
approach and methodology which has  been used but  also a compari- 
son of the  assessment r e s u l t s  p r i o r  t o  space f l i g h t  w i t h  actual 
f l i g h t  r e s u l t s .  
quate mathematical models, t h e  a v a i l a b i l i t y  of informrrtion t o  
estimate s y s t e m ,  subsystem, component and p a r t  f a i l u r e  rates, 
t h e  use of "correction" f a c t o r s  t o  compensate f o r  t h e  space 
Major problem areas are t h e  development of ade- 
environment and t h e  proper in t e rp re t a t ion  of assessment r e s u l t s .  
The performance of assessments before a c t u a l  f l i g h t  is dis-  
cussed from t h e  viewpoint of bs tab l i sh ing  a p laus ib le  hypothesis 
which is subjec t  t o  acceptance or r e j e c t i o n  by t h e  f l i g h t  program. 
The question of in t e rp re t ing  a s i t u a t i o n  where assessment r e s u l t s  
show a r e l a t i v e l y  unre l iab le  system but later f l i g h t  r e s u l t s  show 
success  or the opposite is examined in t he  framework of s c i e n t i f i c  
and r a t i o n a l  models. 
* Presented a t  t h e  Eleventh National Symposium on R e l i a b i l i t y  and 
Quality Control,  M i a m i  - Beach, F lor ida ,  Janhary 13, 1965. 
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Introduction 
The Goddard Space F l igh t  Center of t h e  National Aeronautics 
and Space Administration has managed th i r ty- four  unmanned e a r t h  
o rb i t i ng  satell i tes which have accumulated i n  excess of twenty- 
f i v e  years of orbi t  l i f e  as of September, 1964. Included among 
these are s c i e n t i f i c  s a t e l l i t e s  such as Vanguard I11 and the  
Explorer series, weather s a t e l l i t e s  TIROS and Nimbus, interna-  
t i o n a l  sa te l l i tes  Alouette and the  United Kingdom (UK) series, 
observator ies  OS0 and O W ,  and passive and a c t i v e  communications 
sys t ems  such as Echo, Telstar, R e l a y ,  and Syncom. A l l  these sat- 
e l l i tes ,  w i t h  perhaps t w o  exceptions, have provided u s  with vary- 
ing  degrees of usefu l  s c i e n t i f i c  and engineering information and 
knowledge. Individual lifetimes of sa te l l i t es  have var ied f r o m  a 
f e w  hours t o  2 and 4 years  of l i fe .  No t w o  s a t e l l i t e s  launched 
w e r e  i d e n t i c a l  although t h e  e ight  TIROS s a t e l l i t e s  launched were 
c e r t a i n l y  s i m i l a r  -- complexity i n  terms of number of p a r t s  range& 
from two thousand f o r  Explorer V I 1  t o  a 5000 p a r t  magnitude f o r  
TIROS, and IMP (Explorer XVIII) w i t h  about 12,000 onto 30,000 - 
40,000 f o r  OGO and Nimbus types. 
The purpose of my remarks is not t o  d iscuss  any formal engi- 
neer ing and s c i e n t i f i c  information which has been gained but r a t h e r  
t o  t a l k  about r e l i a b i l i t y  assessment with p a r t i c u l a r  emphasis on 
Goddard's space experience. As you a l l  know, w e  are deal ing with 
a new d i s c i p l i n e ,  one which does not have any extensive h i s t o r y  of 
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over 10 yea r s .  
ject  and t o  mention a f e w ,  t h e y  include Lloyd and Lipow, (11, 
Bazovsky, ( Z i t  Pieruschka, (3), and ARINC * s  "Re l i ab i l i t y  Engineer- 
ing", (41, handbook. As far as appl ica t ions  are concerned for  the  
aerospace sys tems,  the  Proceedings of t h e  National Symposium on 
R e l i a b i l i t y  and Quality Control represent  t h e  best ava i l ab le  source 
of information. My remarks are expository i n  nature  and represent  
my personal views on t he  subject and should not necessar i ly  be 
taken as Goddard or NASA doctr ine.  
There ex i s t  today some half  dozen books on the  sub- 
A Rational Framework 
One of the  first po in t s  I would l i k e  t o  d iscuss  is the role 
of r e l i a b i l i t y  assessment as p a r t  of a r a t i o n a l  s c i e n t i f i c  frame- 
work of inference.  By r e l i a b i l i t y  assessment I am r e f e r r i n g  t o  
t h e  a n a l y t i c a l  processes which include the  block or func t iona l  
diagrams of a sys tem,  the  mathematical  model, t h e  data used t o  
estimate t h e  parameters of t h e  model, and t h e  inferences made 
regarding the r e l i a b i l i t y  of the  s y s t e m  based on t h e  r e s u l t s  
obtained. Reference ( 5 )  gives a more detailed discussion of d i f -  
f e r e n t  types of r e l i a b i l i t y  assessments and an example of a general  
mathematical model. Frequently, assessments f o r  r e l i a b i l i t y  are 
performed before a s y s t e m  is  operated i n  its intended environment. 
For example, consider Goddard's Orbi t ing Astronomical Observatory 
(OAO), p r i o r  t o  any space f l i g h t ,  it is desired t o  determine as 
much as possible  about the r e l i a b i l i t y  of the s y s t e m  on t h e  basis 
of such f a c t o r s  as t h e  design, p a r t s  information and test r e s u l t s .  
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Hence, i n  a general  way, w e  can consider an assessment as an analy- 
sis which is performed p r i o r  t o  the  performance of the  a c t u a l  experi-  
ment of i n t e r e s t ,  namely, the space . f l i g h t .  For re l iab i l i ty '  assess- 
ments i n  the  manner discussed, w e  are not deal ing w i t h  any of the  
classical not ions of s ta t is t ical  inference such as es t imat ian  or 
I t e s t i n g  of hypothesis. The former of which dea l s  w i t h  t h e  estima- 
t i o n  of parameters which are of i n t e r e s t  on t h e  basis of experi-  
mental r e s u l t s  -- for  example, on the  basis of severa l  TIROS f l i g h t s ,  
considered as a sample from a conceptual population, w e  can es t i -  
mate the  percent success,  or t h e  mean l i f e  of such a system. For 
hypothesis t e s t i n g ,  first l e t  u s  consider the  classical concept. 
Webster def ines  a hypothesis as "A t e n t a t i v e  theory or supposi t ion 
provis ional ly  adopted t o  explain c e r t a i n  facts and t o  guide i n  t h e  
inves t iga t ion  of others." A s ta t i s t ica l  hypothesis is a t e n t a t i v e  
statement regarding parameters, usual ly  of an assumed d i s t r i b u t i o n  
funct ion.  A hypothesis is either accepted o r  rejected on the  b a s i s  
of an experiment o r  sampling procedure. As an example, consider 
a sample f r o m  a manufacturing l o t ,  w e  either accept or reject t h e  
l o t  f o r  a stated qua l i ty  l e v e l  after observing the  qua l i t y  charac- 
teristics i n  the  sample. The bas ic  question is, therefore ,  how t o  
relate a pre-experiment procedure such as r e l i a b i l i t y  assessment 
t o  s t a t i s t i ca l  inference concepts and procedures. There is one 
po in t  which I would l i k e  t o  c la r i fy .  The data used t o  determine 
% 
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as inpu t s  i n  the r e l i a b i l i t y  m o d e l  for a system being assessed 
usua l ly  come from experimental sources, namely, laboratory or 
ground t e s t i n g .  However, t h e  or ig in ,  test and environmental con- 
d i t i o n s  of such data are usual ly  not known ' i n  s u f f i c i e n t  detail 
and hence the " fa i lu re  rates" can only be viewed as t h e  best ava i l -  
able parametric values  rather than random va r i ab le s  obeying sta- 
t i s t i c a l  l a w s .  
s t a t i s t ica l  quant i ty  but a f ixed number obtained through an ana- 
l y t i ca l  process which is not of known experimental o r ig in .  
an assessment of t he  type  out l ined above serves  m o s t  o f t en  only for 
t h e  establishment of a p laus ib le  r e l i a b i l i t y  hypothesis which 5s 
tested by a space f l i g h t  program. 
The assessed r e l i a b i l i t y  of a system is not  a -
Hence, 
R e l i a b i l i t y  Assessment and 
S t a t i s t i c a l  Inference 
A r e l i a b i l i t y  assessment may be considered from the  following 
viewpoint. I n  order t o  be more concrete let u s  assume t h a t  a reli- 
a b i l i t y  assessment for a satell i te y i e l d s  a value of .97 for a 
defined mission of assumed duration. L e t  us assume it is correct. 
Before the  mission takes place, w e  are dea l ing  w i t h  a "pre-data 
pred ic t ive"  s i t u a t i o n ,  i n  the  sense discussed by Dempster, (61, 
before the  event occurs, namely, p red ic t ive ly  .97 can be con- 
sidered as a measure of the degree of c e r t a i n t y  about an event,  i n  
t h i s  case the  mission. After the mission has  been completed, w e  
are dea l ing  w i t h  a "post-data predict ive"  s i t u a t i o n  which has 
t 
f 
r e s u l t e d  i n  one of two outcomes: 
' .  + *  < . . a -  
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(1) If t h e  mission w a s  suc.cessfu1: "An event  w i t h  
p robabi l i ty  .97 has occurred" 
or 
(2) If it were unsuccessful: "An event  w i t h  p robabi l i ty  
.03 has occurred" and w e  are surpr ised.  
It  'is important t o  realize that ne i the r  outcome "proves" or 
"disproves" t h e  accuracy of the  assessment. 
I n  more classical s ta t i s t ica l  inference theory w e  first 
establish the  hypothesis (E): 
E: R = .97 
namely, the  r e l i a b i l i t y  (R) of the  system is hypothesized t o  be .97. 
Under case (1) above, "success", w e  accept H and under case (2) w e  
reject E. 
as shown on Char t  1. I 
The s ing le  test would therefore have a power funct ion , 
Probabi l i ty  
of 
Reject ing 
H 
CHART 1 
t 
\ 
-. . R e l i a b i l i t y  (R) 
.- 
.I* . 
* -  
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We are deal ing with a binomial sampling s i t u a t i o n  w i t h  
I 
i 
L 
a sample s i z e  of n T 1, and under success w e  accept E and 
under f a i l u r e  w e  reject E. Again, nothing can be proven 
regarding the  absolute value of the  r e l i ab i l i t y  of the  sys- 
t e m  tested. Furthermore, i f  we should reject E, i.e. R = .97, 
then w e  reject the  assessment value and - not t he  general  method- 
t 
f 
L 
ologp underlying the  assessment. In fact ,  w e  are r e j e c t i n g  some 
aspect of the p a r t i c u l a r  assessment appl icat ion.  Going one s t e p  
f u r t h e r ,  w e  can say  that  under r e j e c t i o n ,  t he  p a r t i c u l a r  model 
implied by t h e  assessment value is not cons i s t en t  w i t h  observed I 
fact. This s i t u a t i o n  is not uncommon i n  s c i e n t i f i c  inves t iga t ions ,  
Natural ly ,  i f  w e  cont inual ly  reject E as addi f iona l  s y s t e m s  are.  
I 
I 
1 
k 
f l i g h t  tested, the  more w e  would question the  assessment model. 
This is because, as more experimental evidence is accumulated, 
! t h e  l a r g e r  becomes the statist ical  power of the inference pro- 
cedure, and the more confidence w e  would have i n  the  r e s u l t s  i nd i -  
cated. 
I would l i k e  t o  conclude t h i s  aspect of my discussion w i t h  
t w o  quotations.  One is from a paper by a B r i t i s h  medical re- , 
searcher, ( 7 ) ,  which is p a r t i c u l a r l y  pe r t inen t  and is Bs follows: 
'We have, however, underlined how misleading, and p o t e n t i a l l y  dis-  
a s t rous ,  i t  can be i f  a mathematical model is applied to a real 
sx tua t ion  which it does not t r u l y  represent .  
models must simplify:  t h a t  is t h e i r  s t rength.  They may, i n  
A l l  mathematical 
.^ -.-- 
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over-simplifying, d i s t o r t :  that is t h e i r  danger." The o ther  
quotat ion is made by two mathematical phys ic i s t s ,  ( 8 ) ,  "One o f t en  
sees a statement t h a t  some r e s u l t  has been vigorously proved, 
unaccompanied by any v e r i f i c a t i o n  t h a t  t h e  condi t ions postulated 
i n  the  proof are s a t i s f i e d  i n  the ac tua l  problem -- and very o f t en  
they are not.  This  misuse of mathematics is t o  be found i n  most 
t 
t branches of Science," and i f  I may add i n  many r e l i a b i l i t y  assess- 
' ment s tud ies .  
Goddard Re l i ab i l i t y  Assessments 
R e l i a b i l i t y  assessment techniques have been used extensively 
i 
1 on Goddard managed programs. There have been e s s e n t i a l l y  t w o  t y p e s  
of assessment operations.  One of these s t e m s  f r o m  t he  pol icy by 1 
i 
i t e m s .  These cont rac tors  are non-hardware organizat ions,  which 1 
NASA t o  employ independent assessment cont rac tors  for  major sys -  
under NASA d i rec t ion  perform r e l i a b i l i t y  assessments on spec i f ied  
sys t ems .  R e l i a b i l i t y  cont rac tors  are selected on a competitive 
basis from a list of qua l i f ied  bidders.  The list on the  following 
page represents  the  cont rac tors  which have or are performing reli- 1 
a b i l i t y  assessments f o r  Goddard managed sys t ems .  
In addi t ion  t o  performing r e l i a b i l i t y  assessments, t h e  con- I 
tractors have supported the  Goddard pro jec t  managers, and i n  the 
case of CNES, t h e  French project  manager, i n  the  performance of 
other r e l i a b i l i t y  tasks such as f a i l u r e  mode analyses ,  tes t  monitor- 
i ng ,  and p a r t s  appl ica t ion  analyses. The r o l e  of t he  r e l i a b i l i t y  
l 
1 
- 
5 -  
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SuyIMApY OF RBLIABILITY CONTRACTS FOR WDDARD PROJECrS 
Space System Independent R e l i a b i l i t y  Contractor 
OAO Booz-Allen Applied Research 
OGO Planning Research Corporation 
Nimbus Operations Research, Inc. 
Advanced , Planning Research Corporation 
Syncom & 
ATS 
Aoso Operations Research, Inc. 
IMP D&E B i r d  Engineering Associates 
FR-1 ARINC Research Corporation* 
* This is a French contract administered and directed by 
CNES; Centre National D'Etudes Spa t i a l e s ,  Bretigny, 
France, the  French space agency. 
con t r ac to r s  is advisory i n  nature and they  act as consul tan ts  t o  
t h e  NASA project manager. The use of independent assessment con- 
tractors has usua l ly  been restricted t o  major p ro jec t s  which have 
prime or major subsystem contractors .  R e l i a b i l i t y  assessments of 
a m o r e  minor.nature on subsystems and assemblies are s o m e t i m e s  
handled on a Goddard in-house basis. 
The other type of r e l i a b i l i t y  assessment used on Goddard 
managed sys t ems  is t h a t  which is performed by t h e  cont rac tors  
themselves. 
been some r e l i a b i l i t y  assessment performed by v i r t u a l l y  every space 
. .  
I th ink  that  it is accurate  t o  state t h a t  there has 
system cont rac tor  involved i n  Goddard managed pro jec ts .  Some of 
* ,  5 * -  .- 
a -  
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these are performed by contractor  design organizat ions,  others by 
re l iab i l i ty  organizat ions,  and o thers  on a subcontract basis. 
r. 
R e l i a b i l i t y  assessments are a l s o  a requirement of most pro- 
posa ls  f o r  space hardware systems. 
assessments made f o r  t h e  same sys$em concept by d i f f e r e n t  organiza- 
t i o n s  are most d i f f i c u l t  t o  compare as f a r  as the  absolu te  numbers 
are concerned, not only because the  design approach may d i f fe r ,  
but  t h e  mathematical models d i f fe r ,  f a i l u r e  rates d i f f e r  and such 
f a c t o r s  as de ra t ing  methods and "I(-factors" are a l s o  not  com- 
parable. The main basis for  an evaluat ion must t he re fo re  rest on 
t he  approach taken and the  concepts used t o  demonstrate c a p a b i l i t y  
and ingenuity rather than absolute values.  I recall seve ra l  
ins tances  where numerical re l iab i l i ty  requirements w e r e  very ambi- 
t i o u s ,  however, I recall no instance where a Rroposal d id  not  m e e t  
these requirements -- t h a t  is, on paper. 
L e t  m e  add t h a t  r e l i a b i l i t y  
A Comparison With F l igh t  Resul t s  
The m o s t  e f f e c t i v e  means of eva lua t ing  the  adequacy of a reli- 
a b i l i t y  assessment is t o  compare assessment r e s u l t s  w i t h  t he  ac tua l  
operat ion of a space system i n  its intended environment. This is 
usua l ly  most d i f f i c u l t  to do f o r  space sys tems because experience 
to date, although subs t an t i a l  i n  terms of t o t a l  accumulated o r b i t  
l i f e ,  is not  based on l i k e  s y s t e m s .  
b r i e f l y  a comparison between assessment and space operat ion which 
w a s  performed f o r  the  first s i x  TIROS meteorological satell i tes.  
I would l ike  t o  relate 
I t
i 
1 
b I  . .  
r.. 
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TABLE 1 
SUMbfARY OF AVERAGE LIFE TIROS I THROUGH V I  
Assessed Observed As sessed Ob served 
Function Observed Factors Assessed Factors  Assessed 
Without "K" .c With "K" i 
(Days) (Days ) (Days) 
D i r e c t  TV 
A t  least one TV 217 23 0 .94 160 1.36 
One s p e c i f i c  TV 14 0 152 .92 105 1.33 
Both TV 64 90 .71 60 1.07 -
Remote TV 
A t  least one TV 215 80 2.69 70 3.07 
One s p e c i f i c  TV 131 60 2.18 52 2.52 
Both TV 48 43 1.12 35 1.37 -
A r e l i a b i l i t y  cont rac tor  performed the  r e l i a b i l i t y  assessment and 
Goddard's TIROS pro jec t  o f f i c e  furnished f l i g h t  h i s t o r i e s  f o r  
TIROS I through V I .  It should be pointed out  t h a t  t he  TINS satel- 
l i t es  w e r e  not i d e n t i c a l  in design o r  manufacture. However, over- 
a l l  d i f f e rences  were not considered of such a gross  nature  as t o  
make summary statements meaningless. 
Table 1 summarizes the  comparison between observed and assessed 
o r b i t  l i f e .  The observed mean l i f e  f i g u r e s  i n  the  t a b l e  are based 
on averaging over t he  s i x  TIROS f l i g h t s .  
w e r e  used f o r  "one s p e c i f i c  TV" da ta  as each TIROS contained t w o  
Twelve TV camera chains  
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cameras. 
fac tors"  and are based on "graphical integrat ion" from curves and 
data i n  the r e l i a b i l i t y  contractor's report. 
l ife t o  the area under a r e l i a b i l i t y  curve w i t h  t he  following 
formula : 
Tbp assessed values  are given without and w i t h  'I- 
r /  
W e  can relate mean 
Mean l i f e  = f R ( t ) d t ,  
0 
where R ( t )  is the  r e l i a b i l i t y  or probabi l i ty  of exceeding mission 
t i m e  t'tv'. Conclusions are t h a t  observed and assessed values  are 
closer i n  one d i r ec t ion  for the  " D i r e c t  TV" than for  t h e  "Remote  TV" 
. and also t h a t  t he  comparison is better without "IC-factors". I t  is 
also i n t e r e s t i n g  t o  note t h a t  for  t h e  observed l i f e  f igures ,  t h e  
l i f e  f o r  the  redundant system, namely, "at least one TV" is not too 
much d i f f e r e n t  f r o m  t he  expected 3/2 mean l i f e  theo re t i ca l . va lue  
$or one specific TV which is based on exponential  theory. .The 
above repregents  one specific comparison and does show t h a t  assess- 
ment r e s u l t s ,  using e s s e n t i a l l y  standard techniques, are not  gross ly  
incons is ten t  w i t h  a c tua l  operation. I n  general ,  based on our 
l i m i t e d  experience t o  date, it can be concluded t h a t  ca re fu l ly  per- 
formed assessments can y i e l d  r e s u l t s  which are not incons is ten t  I 
w i t h  later experimental ve r i f i ca t ion .  I hasten t o  add though, t h a t  
edpecially on individual  f l i g h t s ,  t h e  discussion i n  the  first part 
of these remarks is applicable, and t h a t  present assessment tech- 
niques are Inadequate t o  predict  operat ional  r e s u l t s  w i t h  suf- 
f i c i e n t  confidence. 
. * -  . 
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' Conclusions and Recommendations 
The following conclusions and recommendations can be made: 
1. 
2. 
3. 
4. 
MY 
a b i l i t y  
R e l i a b i l i t y  Assessment is a use fu l  technique 
e spec ia l ly  i n  the  evaluation of a l t e r n a t i v e  design 
approaches, the pinpointing of areas of u n r e l i - .  
a b i l i t y ,  and t o  give management an order of magni- 
tude of the  r e l i a b i l i t y  of a system. 
Assessment r e s u l t s  should be used very caut iously 
t o  predic t  operat ional  r e l i a b i l i t y  before f l i g h t  
h i s t o r y  has been obtained. 
Much remains t o  be done i n  developing techniques for 
the  a n a l y t i c a l  representat ion of complex systems as 
mathematical models. 
D a t a  inputs  such as p a r t  f a i l u r e  rates used i n  sys- 
t e m  assessments are of ten  inadequate due t o  lack of 
test knowledge, e f f e c t  of i n t e rac t ion  and unknown 
environment. The same can be said f o r  "K-factors". 
Summary Remarks and Acknowledgments 
remarks should not be construed as an indictment of reli- 
assessment, on t he  contrary le t  m e  repeat as I have stated 
previously,  (9), namely, t h e r e ' e x i s t s  a& present  no other means of 
evaluat ing t h e  r e l i a b i l i t y  of a highly complex system before end 
use by using a r a t i o n a l  approach and a quan t i t a t ive  basis than by 
using an approach a t  least similar i n  concept t o  t h a t  used for 
1 ,  r e l i a b i l i t y  assessment. I i i s to ry  has shown t h a t  s c i e n t i f i c  and 
emotional f a c t o r s  are sometimes d i f f i c u l t  t o  separa te ,  one only 
has t o  review the  work and l i fe  of Gal i leo  and Copernicus and 
the i r  problems w i t h  t he  science of astronomy. I amnot making 
technica l  comparisons between t h e  astronomer's woes and those of 
. 
! .  
I 
. .  
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r e l i ab i l i t y  ana lys t s ,  however, r e l i ab i l i t y  assessments seem t o  
br ing  out s t rong  f ee l ings  pro and con, and these are of ten  more 
concerned w i t h  the possible consequences of assessment in te rpre-  
t a t i o n s  rather than the  technology involved i n  assessments per se. i 
I 
t 
1 
I would l i k e  t o  acknowledge the  work of my colleague, Mr. 
Eugene Hixson, f o r  h i s  cont r ibu t ions  i n  t he  TIROS study and for 
accumulating l i f e  h i s to ry  da ta  f o r  Goddard managed s a t e l l i t e s .  
In addi t ion ,  for the  help of my o ther  col leagues a t  Goddard, and 
numerous industry and government personnel who enabled m e  t o  make 
i 
t he  above remarks, I w i s h  t o  express my appreciat ion.  
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